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Introduction 
Surfactants are class of compounds that have a special property to locate 
at interfaces or to form colloidal aggregates in solution at appropriate 
concentrations. Surfactants possess two groups of opposing solubility 
tendencies, (i) lyophobic group, also known as 'tail group'- the one having 
little attraction for solvent and (ii) lyophilic group, also known as 'head group'-
the one having a strong attraction for the solvent [1]. When water is acting as 
the solvent, the groups are known as the hydrophobic and the hydrophilic 
groups, respectively. The hydrophobic group consists of a hydrocarbon, 
fluorocarbon or siloxane chain of sufficient length to produce the desired 
solubility characteristics when bound to a suitable hydrophilic group. The 
hydrophilic group consists of a single ionic or multiple ionic groups which has 
strong affinity for water due to the ion-dipole and the dipole-dipole 
interactions. Due to the presence of the groups having affinity for both, polar as 
well as nonpolar compounds, in these molecules, they are often referred to as 
amphiphilic molecules [1-6] (Fig. 1.1). 
, , Hydrophobic tail 
head group •' '^ 
Fig. 1.1: Schematic representation of a surfactant monomer. 
The word amphiphile was coined by Paul Winsor. The Increasing 
demand for newer materials with improved properties m most of applications, 
has given emphasis in surfactant research to study new phenomenon in 
interesting world of surfactants with highly controlled molecular architectures 
[7,8]. Many structures of the aggregates are formed by the association of 
amphiphillic molecules such as surfactant monomers. 
Surfactants play an essential role in the existence of life and are widely 
used in the industry, pharmacology, medicine, etc. [9,10]. On dissolving in 
water they lower the surface tension and can form many types of aggregates in 
which solvated hydrophilic groups are located at the surface of aggregate 
[11,12]. The self-association gives rise to a rich variety of phase structures 
(Fig. 1.2). Surfactants exhibit properties other than lowering surface tension 
and that is why they are often labeled according to their main use such as: soap, 
detergent, wetting agent, emulsifier, dispersant, foaming agent, bactericide, 
corrosion inhibitor, antistatic agent, etc. In some cases they are known from the 
name of the structure they are able to build, i.e., membrane, microemulsion, 
liquid crystal, liposome, vesicle or gel. 
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Fig. 1.2: Schematic representation of some of the microstructures of surfactant-
water phase, spherical micelle (a), normal hexagonal (b), lamellar or bilayer 
(c), and vesicle (d). 
Classification of Surfactants 
General chemical classification of surfactants is based on the nature of 
the hydrophilic head group, with subgroup being defined by the nature of the 
hydrophobic tail group [13]. The groups are as follows: 
(I) Ionic Surfactants 
(a) Cationic Surfactants: The surface active portion has a positive charge. 
Examples: Hexadecyltrimethylammonium chloride [CH3(CH2)i5N (^CH3)3 CF], 
Dodecylpyridmiumchloride [CH3(CH2),,C6H4]Srcr] 
(b) Anionic Surfactants: The anion is the surface active species. 
Examples: Sodium dodecyl sulfate [CH3(CH2)MOS03~ Na^], 
Sodium dodecylbenzene sulfonate [CH3(CH2)iiC6H4S03~Na^] 
(c) Zwitterionic or Ampholytic Surfactants: Both positive and negative 
charges are present in the surface active portion, and can behave as either an 
anionic, nonionic, or cationic species, depending upon the pH of the solution. 
Examples: N-Dodecyl-N, iV-dimethylglycine [CH3(CH2)iiN^(CH3)2CH2C001, 
3-(Dimethyldodecylammonio)-propane-1 -sulfonate 
[CH3(CH2)nN^(CH3)2CH2CH2CH2S03l 
(II) Nonionic Surfactants 
The surface active portion bears no apparent ionic charge, but has a 
polar head group (containing hydroxyl groups or polyoxyethylene chains). 
Examples: 
Poly(ethyleneglycol)-f-octylphenylether[/-C8H,7-C6H4(OCH2CH2)„OH], 
Polyoxyethylene(6)dodecanol [CHjCCHa), i(CH2CH20)60H] 
(Ill) Polymeric Surfactants 
Association of one or several macromolecular structures exhibiting 
hydrophilic and lipophilic characters forms these types of surfactants. 
Example: Polystyrene-block-poly (vinyl acetate) 
o Br 
CH3—{CH2CH2O) C C ( CH2-CH ) 
m 
Br 
(IV) Dimeric or Gemini Surfactants 
Dimeric or Gemini surfactants are said to be unique to the world of 
surfactants. These are the amphiphilic molecules consisting of two monomeric 
single chain surfactants kept together by a short linker between the hydrophilic 
head groups. The term "gemini" which is latin for twin, was coined by Menger 
and Littau in 1991 [14]. The interest in this field was generated more due to the 
report of Rosen [15] which pointed out that these surfactants could be more 
surface active by orders of magnitude than comparable conventional 
surfactants containing a similar single hydrophobic tail and a single hydrophilic 
group. A schematic representation of a gemini surfactant is shown in Fig. 1.3. 
The current interest in such surfactants is due to the fact that these surfactants 
possess exceptional surface and bulk properties, including rich variety of 
micellar structures, better wetting, foaming and solubilizing power, unusual 
viscoelasticity, and low Krafft point. These are the properties which are 
commonly used to evaluate surfactant performances. 
Fig. 1.3: Schematic representation of a gemini surfactant. 
Geminis were known long before to Bunton et al. [16], who studied 
catalysis of nucleophilic substitutions by "dicationic detergents" and to 
Devinsky et al. [17] who reported the surface activity and micelle formation of 
some new geminis "bisquatemary ammonium salts". Later, Okahara et al. [18] 
prepared and examined amphiphatic compounds with two sulphate groups and 
two lipophilic alkyl chains. 
(V) Bolaform Surfactants 
Bolaform surfactants or bola amphiphiles (also known as bolaphiles or 
alpha-omega-type surfactants) are amphiphilic molecules which consist of two 
hydrophilic head groups, connected by a long, linear polymethylene chain. 
Compared to single-headed amphiphiles, the introduction of a second head-
group generally induces a higher solubility in water, a decrease in the critical 
micelle concentration (CMC), and an increase in aggregation number (Fig. 
1.4). 
Long polymethylene chain 
Fig. 1.4: Schematic representation of a bolaform surfactant. 
Micelle Formation and Critical Micelle Concentration (CMC) 
One of the important properties of amphiphilic molecules is their 
capacity to aggregate in solutions. The aggregation process depends on the 
amphiphilic species and the conditions of the system at which they are 
dissolved. J. W. McBain [19] in 1920 to describe colloidal sized particles of 
detergents and soaps, and the phenomenon of self-association of monomers 
into micelles was called micellization. Micelle formation or micellization is an 
important phenomenon not only because a number of important interfacial 
phenomena, such as detergency and solubilization, depend on the existence of 
micelles in solution, but also it affects other interfacial phenomena, such as 
surface or interfacial tension reduction, that do not directly involve micelles. 
The driving force behind micellization - the hydrophobic effect- was proposed 
by G.S. Hartley [20] in 1936. He also suggested the roughly spherical model 
for the micelles, a suggestion that gained general favor later. 
The narrow concentration range over which surfactant solutions show an 
abrupt change in physicochemical properties is called the critical concentration 
for the formation of micelle or 'critical micelle concentration' (CMC) [21,22]. 
Davis and Bury [23] coined the term 'CMC by defining it as a concentration 
range below which the surfactant molecules in the solution remain as 
monomers and above which practically all additional surfactants added to the 
solution form micelles. CMC is an important property of the surfactants which 
reflects its micellization ability. A good surfactant will have a lower CMC 
value. Below the CMC, the physicochemical properties of ionic surfactants 
resemble to those of strong electrolytes and, above the CMC, these properties 
change dramatically (Fig. 1.5), indicating that a highly cooperative association 
takes place. 
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Fig. 1.5: Changes in the physico-chemical properties of surfactant solution 
around the critical micelle concentration. 
The determination of the value of CMC can be made by use of many 
physical properties, but most commonly the breaks in electrical conductivity, 
surface tension, light scattering, or fluorescence spectroscopy-concentration 
curves have been used for this purpose. An excellent critical evaluation of the 
method determining CMC is included in the comprehensive compilation of the 
CMCs in aqueous solution by Mukeijee and Mysels [24]. 
In a jmcQWdiT solution, there is always a dynamic equilibrium between 
surfactant monomers, monolayers and micelles (Fig. 1.6). 
/I 
Monomers 
C < CMC 
Monolayer 
C > CMC 
Micelles 
C>CMC 
Fig. 1.6: Surfactant existence in different phases, dependent on surfactant 
concentration. 
Aggregation Number 
The number of surfactant monomers required to form a micelle is 
termed as the aggregation number (A'agg)- The micellar A^agg is an important 
charecteristics of a surfactant solution. This number is a measure of the size 
and shape of surfactant micelles and can be used for predicting various 
properties of the surfactant such as viscosity and solubilization capacity. The 
chemical structure of the surfactant, as well as temperature, surfactant 
concentration, additives, etc. is known to affect the A^agg- [14]. Various 
experimental techniques like dynamic light scattering (DLS), small-angle 
neutron scattering (SANS), steady-state fluorescence quenching (SSFQ), and 
time-resolved fluorescence quenching (TRFQ), etc. may be used for the 
determination of aggregation number [25,26,27,28-32]. 
Generally, in aqueous medium greater the dissimilarity between 
amphiphile and solvent, the greater the aggregation number. An increase in the 
temperature appears to cause a small decrease in the aggregation number in 
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aqueous medium of ionics. For nonionic surfactants, it increases markedly [21-
22,33]. 
Micellar aggregation number decreases continuously with increase in 
pressure for nonionic surfactants [34,35], although the number for ionic 
surfactants passes through a minimum at around 1000 atm. Aggregation 
number of ionic micelles is reported to increase [36-39] by the addition of 
electrolytes. 
Micellar Morphology 
The extent of interaction between water and amphiphilic molecules can 
be expressed by molecular shape. It is mainly determined by a balance between 
hydrophobic interactions of the hydrocarbon tails, electrostatic repulsion and 
hydration of head group [40]. The shape of micelle produced in aqueous media 
determines various amphiphilic solution properties such as, viscosity, 
solubilization, and cloud point. Amphiphiles, which form spherical micelle in 
water, have a conical shape in this aggregate type. Cylindrically formed 
molecules have a polar region that is equal to nonpolar, whereas wedge-shaped 
molecules have a large non-polar region thus forming, for example, reversed 
micelles. Substances with one hydrocarbon chain often belong to the conical 
group whereas substances with two chains or one chain with unsaturations, 
giving kinks, belong to cylinders and wedges. 
Israelachvilli, Mitchell, and Ninham [41,42] developed a theory of 
micellar structure, which is based upon the geometry of various micellar shapes 
and space occupied by the hydrophilic and hydrophobic groups of the 
amphiphile molecules. The volume FH occupied by the hydrophobic groups in 
the micellar core, the length of hydrophobic group in the core /c, and the cross-
sectional area ao occupied by the hydrophilic group at the micelle-solution 
interface are used to calculate a packing parameter (Rp), which determines the 
shape of micelle, as 
Rp=Vii/aolc (1.1) 
The optimal cross-sectional area per amphiphile molecule is observed 
experimentally by X-ray diffraction of bilayer systems while the volume and 
length of hydrocarbon tail may be calculated by Tanford [43] equations: 
VH = {21.4 +26.9 n)k^ (1.2) 
/c=(1.5+1.26«)A (1.3) 
(n is the number of carbon atoms in the hydrocarbon chain). 
As shown in Table 1.1, spherical micelles are formed when 7?p is lower 
than 1/3; wormlike micelles are formed when Rp has a value in between 1/3 to 
1/2; vesicles or bilayers are formed when 1/2 < 7?p < 1. When the volume of die 
hydrocarbon part is large relative to the head group area {Rp > 1), reverse 
micelles are formed. However, it is to be noted that the solution parameters 
such as concentration, pH, temperature and solvent polarity may heavily 
modify the specific structures formed. 
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Table 1.1: Aggregate structures with their corresponding packing parameters. 
Effective shape of the Packing Type of aggregation 
surfactant molecule parameter (p) 
V 
Cone 
truncated cone 
M^ 
Cylinder 
<l/3 
1/3-1/2 
1/2-1 
spherical micelles 
'^ "' V »^ •«« 
wormlike micelles 
mmw 
bilayers 
ffi 
inverted cone 
>1 
Vesicles 
reverse micelles 
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Factors Affecting the Value of Critical Micelle Concentration 
Since the properties of solutions of amphiphiles change markedly when 
micelle formation commences, a great deal of work has been done on 
elucidating the various factors that determine the concentration at which 
micelle formation becomes significant (i.e., CMC), especially in aqueous 
media. Among the factors known to affect the CMC markedly in aqueous 
solutions are: (I) structure of amphiphiles, (II) presence of various additives in 
the solution, (III) experimental conditions such as temperature, pressure, pH, 
solvent, etc. 
(I) Structure of Amphiphiles 
In general, the CMC decreases as the hydrophobic character of the 
surfactant increases. The reduction in the CMC with the increase in the tail 
length of the surfactant molecule is due to the enhancement in hydrophobicity. 
However, when the number of carbon atoms in a straight chain hydrophobic 
tail exceeds 16, the CMC no longer decreases rapidly with the increase in the 
chain length. After exceeding 18 carbon atoms, the CMC values remain 
substantially unchanged with further increase in the chain length due to coiling 
of these long chains in water [44]. 
In aqueous medium, ionic surfactants have much higher CMCs than 
nonionic surfactants containing equivalent groups. Zwitterionic surfactants 
appear to have about the same CMCs as ionics with the same number of carbon 
atoms in the hydrophobic groups. The CMC of the ionic surfactant decreases as 
the hydrated radius of the counterion decreases. For usual type of 
polyoxyethylenated nonionic surfactants, the CMC decreases with the decrease 
in the number of oxyethylene units in the polyoxyethylene chain, since this 
makes the surfactant more hydrophobic. 
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(II) Presence of Various Additives in the Solution 
Addition of electrolytes to aqueous surfactant solutions may result in a 
modification of both intramicellar and intermicellar interactions. The decrease 
in the CMC in presence of electrolytes is due to reduced repulsion between the 
electrostatic head groups in the micelles enabling micelles to form more easily, 
i.e., at lower concentration. An increase in size of counterions decreases the 
CMC due to the increase in the hydrophobic character. This is the reason why 
(C3H7)4N'^ is more efficient in reducing the CMC than(C2H5)4N^, which is 
more efficient than(CH3 )^ N"^ . 
There have been attempts to examine the salts effect on micelle 
formation in the light of Hofmeister (lyotropic) series [45,46]. The series plays 
a notable role in a wide range of biological and physicochemical phenomena. 
However, depending on the system and type, there may be changes in order in 
the series. A recent study carried out by Moulik and coworkers [47] shows that, 
for a given anionic surfactant, the order of effectiveness in reducing the CMC 
decreases m the order Mg^*> Cs^> K'"> NH/> Na*>Li^. The same authors 
have reported two CMC values for a given cationic surfactant in presence of 
anions like salicylate(C^HjO^"), benzoate (C^HjOj'), oxalate (C^O^""), 
tartrate {C^\{^o^^'). For a given nonionic surfactant, the effect of anions on the 
CMC follows the order F-> Cr> S04"> Br-> P04'> C,li,0(C00f;> l'> 
SCN'and the effect of cations follows the order K*> Na*> Rb^> Li^> Ca^^> 
AI^ ^ [48]. 
Small amount of organic materials significantly influences the CMC of 
aqueous micellar solutions. Additives like urea have been shown to increase the 
CMC of ionic [49,50] and nonionic surfactants [51,52]. For fluorocarbon 
surfactants, addition of urea slightly decreases the CMC [53]. Addition of 
alcohols produces both increase and decrease in CMC of surfactants [54-55]. A 
decrease in the CMC has been observed with the increase in the carbon number 
of the linear alcohols (heptyl to decyl) in nonaqueous dimethylformamide [56]. 
Introduction of sugars has been known to decrease the CMC of the system [56-
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58]. For an ionic surfactant solution, decrease [59] as well as increase [60] in 
CMC has been reported with different concentrations of acetamide. Amines are 
more surface active than alcohols at air-water interface [61]. Addition of n-
alkylamines (butyl to decyl) has been found to be solubilized in micellar phase, 
leaving the amine group on the surface of the micelles [62]. These solubilized 
amines have been reported to form mixed micelles with ionic surfactants [63-
65]. 
(Ill) Effect of Experimental Conditions 
(a) Temperature: Temperature increase favors micellization due to 
decreased hydration of the hydrophilic group. However, temperature increase 
also causes disruption of the structured water surrounding the hydrophobic 
group, an effect that disfavors micellization. The relative magnitude of these 
two opposing effects, therefore, determines whether the CMC increases or 
decreases over a particular temperature range. From the data available, the 
minimum in the CMC - temperature curve appears to be around 25 °C for 
ionics [66] and aroimd 50 °C for nonionics [67]. For bivalent metal alkyl 
sulphates, the CMC appears to be practically independent of the temperature 
[68]. 
(h) Pressure: Many reports have appeared on the effect of pressure on the 
micelle formation of ionic [69-71] and nonionic surfactants. Although an 
increase in pressure up to 1000 atm increases the CMC, beyond the above 
pressure a decrease in CMC is observed [26,72-74]. Such behavior has been 
rationalized in terms of solidification of the micellar interior [72] increased 
dielectric constant of the water [73] and other aspects related to water stmcture. 
For nonionic surfactants, the CMC value increases monotonously and then 
levels off with increasing pressure. 
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(c) pH: When amphiphile molecules contain ionizable groups such as -
NH2, -(CH3)2N->0 and -COOH, the degree of dissociation of the polar group 
will be dependent on pH [75]. In general, the CMC will be high at pH values 
where the group is charged (low pH for -NH2 and - (CH3)2N->0, high pH for 
-COOH) and low when uncharged. Some zwitterionic surfactants become 
cationic at low pH, a change that can be accompanied by a rapid rise in the 
CMC [76], or a more modest rise [77] depending on the structure and hence 
hydrophilicity of the zwitterionic form. 
(d) Solvent: For micelle formation in polar nonaqueous solvents, the term 
"solvophobic interaction" has been coined, in analogy with "hydrophobic 
interactions" which causes micellization in aqueous medium [78]. 
Effect of Additives on Structural Transitions 
(I) Effect of Salts 
Generally, in the absence of salts at moderate concentrations, the 
surfactant aggregates exist in the form of spherical micelles in aqueous 
solutions. In the presence of salts, with its increasing concentration, the 
spherical aggregates tend to transform into nonspherical ones (viz., rod, 
branched or worm-like micelles). Among various factors acting on salt 
addition, the formation and growth of micelles are mainly favored by the 
screening of electrostatic repulsion among the polar head groups and 
movement of the hydrophobic alkyl chains away from the aqueous 
environment. This is evidenced by a decrease in CMC and an increase of the 
micelle aggregation number [79,80]. Addition of salt to a surfactant often gives 
rise to a salting-out phenomenon, which is the result of the movement of water 
molecules (which are not playing the role of a solvent) from coordination shells 
of surfactant molecules to those of salts. Rod-like micelles are produced with 
ionic surfactants in presence of inorganic salts [81]. 
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When salts are added to aqueous ionic surfactant solutions rod-like 
micelles are formed [79,44-46] as its concentration reaches a threshold value, 
because the presence of salt ions near the polar heads of surfactant molecules 
decreases the repulsion force between the head groups. Due to this reduction in 
the repulsion, the surfactant molecules approach each other more closely and, 
as a result, larger aggregates are formed which require much more space for 
hydrophobic chains. As the spherical micelle has a small volume, it must 
change into the rod-like micelle to increase the volume/surface ratio. In the 
transition from sphere-to-rod, micelles change their aggregation number 
dramatically and grow linearly, keeping their radii constant. 
The effect of inorganic salts on ionic surfactant solutions have been 
discussed in terms of electrostatic interactions, change in stmcture of water, 
ionic hydratability, etc.[82,83-85]. Two main factors responsible for structural 
transition in presence of salts are; (a) electrostatic effect of simple salts due to 
the counterion binding on ionic micelles, (b) hydrophobic interaction between 
surfactant molecules or ions caused by the change in the hydrogen-bonded 
stmcture of water. 
The micellar transition is promoted by strong counterion binding, which 
can be shown by high increase in the relative viscosities [39,86-91]. Micellar 
sphere-to-rod transition is highly dependent upon the nature of counterions. 
'Counterions' are bound primarily by the strong electrical field created by the 
head groups and also by a specific interaction that depends upon head groups 
and counterion type. There has been numerous studies of dilute and moderately 
concentrated aqueous cationic surfactant solutions [94,46,48,86-105], with 
aqueous salt solutions using different techniques such as light scattering 
[106,47,102] flow birefringence [101,39], viscosity [94], solubilization 
[98,100], ' H N M R [96], SANS [94,105], electron microscopy [104], etc. 
Ikeda et al. [37] measured light scattering from aqueous solutions of 
SDS m the presence of 0.8 M NaX (X = F , CF, Br", F, or SOT) at 35°C and 
found that the molecular weight of the rod-like micelles depends on the co-ion 
species of added salt and changes in the order of the lyotropic series of halide 
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ion except for SCN~ ion: NaSCN < NaF < NaCl < NaBr < Nal. The difference 
in the micelle size caused by the effect of co-ion species on hydrophobic 
interaction in the micelle formation or the extent of destruction of the 
hydrogen-bonded structure of water. They [107, 108] showed that for sodium 
dodecyl sulphate (SDS) and for a series of cationic surfactants in NaCl 
solutions a sharp break in the apparent micelle molecular weight is observed 
when the NaCl concentration reaches a value of 0.45 M and the breakpoint 
corresponds to the sphere-to-rod transition. 
Symmetrical quaternary ammonium ions (R4N )^ are essentially less 
hydrated and, therefore, binding with the micelle will be favorable. On the 
other hand, R4>r has a low charge density and may also try to intercalate 
between head groups of anionic micelles. This will decrease the electrostatic 
interactions in addition to increased hydrophobic interactions. All these factors 
contribute towards micellar growth [39]. 
Several reports indicate that change from Li* to Cs* induces micellar 
growth, which is related to hydration of specific counterion [109]. The 
formation of rod-like micelles can be strongly enhanced in anionic surfactant 
solutions in presence of multivalent counterions (Ca^ *, Al^ *) [110,111]. AP* 
can bind together three surfactant head groups at the micelle surface, thus, 
causing a decrease of the area per head group [110]. This induces a transition 
from spherical-to-cylindrical micelles. 
Usually, spherical micelles are formed in combination with halide 
counterions, whereas aromatic counterions often induce the formation of rod-
like micelles at relatively low surfactant and counterion concentrations [112]. 
The formation of such rod-like micelles is attributed to the strong binding of 
organic counterions on surfactant micelles (at the level of the head groups of 
surfactants) to minimize the contact of their bulky hydrophobic part with water 
(Fig. 1.7). 
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Water 
Micelle core 
Fig. 1.7: Schematic representation of the binding of organic anions at the 
micellar interface of cationic surfactants. 
The organic counterions have strong tendency to affect the organized 
assemblies as compared to the inorganic counterions, as, besides the 
electrostatic interaction, they have additional hydrophobic interaction 
[113,115]. Organic counterions, having central benzene ring, penetrate into 
micelles by inducing strong hydrophobic interaction and hence reducing 
electrostatic repulsion between the hydrophilic head groups, which give rise to 
tight packing and possible reduced curvature of surfactant aggregates. They are 
capable of producing strong viscoelasticity in the conventional cationic 
surfactants [116-118], which confirms the formation of rod- and worm-like 
micelles in ionic surfactants with organic counterions. Also, the position of 
substituent group present on the benzene ring of organic salt affects the extent 
of hydrophobic interaction between organic counterions and surfactant 
aggregates [113,114]. 
Anions such as salicylate are known to promote very efficiently the 
growth of cationic micelles. Solutions of worm-like micelles so formed have 
interesting rheological properties [119-121] and the theories of the structure 
and dynamics of these complex systems have been well developed [122,123]. 
Worm-like micelle containing systems [124] are discussed intensely as drag 
reducing agents (DRA) in recirculation systems [125-127] and in fracturing 
fluids in oil production [124]. 
Different organic salts, also often called hydrotropes, are commonly 
short amphiphilic molecules (often with a bulky "hydrophobic" part) that, 
without forming micelles at high concentrations, enhance the solubility of a 
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variety of hydrophobic compounds in water [114]. Many salts with 
hydrophobic counterions, such as sodium salicylate (NaSal), sodium benzoate 
(NaBenz) and sodium tosylate (NaTos), are particularly effective in inducing 
micellar growth even at low concentrations. Variations occur in the rheological 
properties with increasing salt content complex [117,118,129]. The classic 
examples are solutions of CTAB and NaSal [130], for which the zero-shear 
viscosity (^ o) goes through a maximum at low NaSal concentrtions, then a 
minimum, and subsequently a second maximum around IM NaSal. NMR 
studies on the cetyltrimethylammonium salicylate system reveal that the H 
lines for the -N "^  (CH3) group are shifted to higher fields, and the signals are 
broadened [112,130-131]. The salicylate anion orientates in such a way that the 
negatively charged site (C00~ group) stands perpendicular to the micellar 
surface [112]. 
(II) Effect of Organic A dditives 
Both dynamic and structural properties of micellar solutions can be 
altered by the addition of organic additives in the solution. Organic additives 
can act through two different mechanisms: by interactions with the surfactant 
molecules or by changing the solvent nature. The effect of organic additives on 
the micellar size and shape has been explained in terms of their effects on water 
structure and on their role inside the micelle. Aqueous micellar solutions are 
known to solubilize water insoluble or slightly soluble organic compounds. 
The environment of solubilization of different compounds in or around 
micellar systems can be correlated with the structural organization of micellar 
aggregates and their mutual interactions [132-135]. Interfacial partioning of 
organic additives causes micellar growth while interior solubilization produces 
swollen micelles [136, 137]. These two types of micelles impart different 
viscosity behavior to micellar solutions. The interior (core) solubilization of 
organics provides swelling to the already grown micelle and releases the 
requirement of the surfactant chain to reach the center of the core [138]. These 
factors may increase the smaller dimension of such anisotropic micelles with a 
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resultant decrease in axial ratio (more spherical). This increased spherecity wiil 
cause micelles to flow easily with an eventual drop in viscosity. The tenn 
electrostatic repulsion originating from intermicellar and intramicellar 
Coulombic interactions favors micelles with a higher surface area per head 
group. On the other hand, hydrophobic interaction between the hydrocarbon 
parts of the micelles/monomers tries to achieve aggregates with closely packed 
monomer chains. 
It is suggested that the lower chain length alcohols shows marginal 
effect on viscosity changes in comparison to higher chain length alcohols 
[139]; hence the change in rjr values shows the dependence on the alkyl chain 
length of alcohols. It has been suggested that the short chain alcohols are 
localized mainly in the aqueous phase, which therefore changes the micellar 
structure by altering the organization of solvent molecules. Medium chain 
length alcohols are distributed between the two phases (i.e., micelle and bulk 
water) and long chain length alcohols are localized in the micellar phase 
[140,141]. 
«-Alkylamines (C4-C10) have been earlier found to be solubilized in 
ionic micelles by electrostatic and hydrophobic effects with -RNH2 group left 
on the micellar surface [98]. Their partial dissociation into -RNHs^ and -OH 
may influence electrostatic interactions with cationic gemini head groups. As a 
result, the partitioning content of -RNH2 content at the head group region is 
decreased. Thus, the decrease in effective -RNH2 content at the micellar 
surface hinders the micellar growth, which is indeed reflected by the lower //^  
values in presence of amines as compared to alcohols. Therefore, amines are 
found to be more surface active in comparision to alcohols, at the air-water 
interface [97]. 
Lindemuth and Bertrand [142] observed that in comparison, amines 
have been found to be more effective in SDS than in TTAB. This is due to the 
interaction between the amines and the anionic surfactant head groups at the 
micellar interface. In addition to this, amine head group has the ability to reside 
deeper in the SDS micelle, which relieves the requirement of the tails of the 
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surfactant to reach the center of the micelle at a shorter alky! chain length of 
additive. On interaction of cationic surfactants with carboxylic acids similar 
effects were seen. Thus, a co-surfactant with the ability to bear an opposite 
charge to that of the surfactant head group is more effective at promoting 
sphere - to- rod transition and has the ability to better peneterate the surfactant 
rich film, separating the micellar and aqueous pseudophases [143] 
The micellar tails must be reachable to the center of the micelle to 
maintain a spherical form. On addition, an aliphatic hydrocarbon generally 
resides in the micellar core. Now the association stmcture can maintain 
spherical form containing solubilized oil at a radius which was previously 
prohibitive. In this way the presence of aliphatic hydrocarbons retard the 
structural transition. On the other hand, the presence of aromatic hydrocarbons 
stimulate rod growth in case of cationic surfactants, which may rise from the 
interaction of the delocalized 7t-electron cloud of the benzene ring with the 
positive charges of the surfactant head groups; a behavior very similar to that 
of a cosurfactant or counterion. The resulting reduction of head group repulsion 
favors transition to rods by shrinking the surface area occupied per amphiphile, 
thus increasing the aggregation number. 
Kandori et al. [144] studied the effect of phenol and benzene additives 
on micellar structures in aqueous solutions of dodecylhimethylammonium 
bromide by additive solubilization, tracer diffusion coefficients, electrical 
conductivity, viscosity, and ultraviolet absorbance. The solubilization of phenol 
and benzene in the system causes the micelle to swell and it was observed that 
phenol addition leads to a greater increase in the size of aggregates than 
addition of benzene. Ultraviolet absorbance measurments revealed that the site 
of solubilization within the micelles is different for two additives. Benzene 
solubilizes in the central core, while at low concentrations phenol is taken up in 
the outer palisade layer. 
(Ill) Synergism in Presence of Salts + Organic Additives 
Due to their importance and complicated aggregation behavior a wide 
attention has been given to the studies of size and structure of micelles [79,107-
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112,128,130-139,145-148,149-153,154-160]. For most aqueous ionic 
surfactant solutions just above the CMC, the micelles are regarded as spherical 
in shape. The micellar structure can be influenced by the addition of neutral 
additives (e.g., alcohols and amines etc.). This effect is dependent on the types 
of surfactants used, their concentration, the salt content, and the additives. 
Incremental calorimetric technique was used by Nguyen and Bertrand 
[161] to study the effect of low concentrations of alcohols on solutions of SDS 
with added electrolytes at 25°C. These measurements reveal a discontinuity in 
the slope of partial molar enthalpy of solution versus concentration of alcohol 
curves. The authors assert that this break corresponds to the micellar sphere-to-
rod transition. 
The effect of addition of ^-alcohols on the viscosity of CTAB was 
studied by capillary viscometry method. Prasad and Singh [162] found that the 
lower alcohols (C2-C3OH) decreased the viscosity of CTAB solution in 
presence of 0.1 M KBr right from the beginning, while C4, C5 and CeOH in 
low concentration were found to increase the viscosities. Depending on the 
nature of alcohol, further addition made the solution either turbid or lowered 
the viscosity of the solution. The result was interperated in terms of the 
possible micellar transition from rod to sphere or elongated rods in presence of 
added alcohols. It is known that rod-shaped micelles are formed in aqueous 
solutions of 0.1 M CTAB -i- 0.1 M KBr [163]. The effects of added aliphatic n-
amines (C4, C5, Ce, C7 and CgNHa) and temperature on the above system show 
that transition of rod-shaped micelles to larger aggregates is induced by 
addition of higher amines (>C6NH2) and that too upto a certain concentration 
only: a fiuther increase in concentration produced the opposite effect. Addition 
of C4NH2 amine was reported to induce only a rod-to-sphere transition. Kumar 
et al. [159], interpreted the data in terms of solubilization/incorporation 
(decrease of micellar surface charge density) of amines inside in the micelles 
and nature of the effective solvent (water + amine). The latter effect dominated 
the change from larger aggregates to smaller micelles at higher concentrations 
of the added amine. 
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Relevance of the Research Problem 
Gemini surfactants have attracted wide attention by virtue of their 
appealing properties which include high surface activity and low CMC values, 
unusual viscosity changes with an increase in surfactant concentration, greater 
efficiency in lowering the interfacial tension, better wetting and solubilizing 
abilities, unusual micellar structure, etc. [15,164]. The new environmental 
legislation is a strong driving force for the development of new 
environmentally benign surfactants and surfactant formulations. One of the 
strategies used to make a surfactant more readily biodegradable is to introduce 
a weak bond in the molecule. This is usually made by inserting a linkage 
susceptible to hydrolysis between the hydrophobic tail and the polar head 
group. Cleavable gemini surfactants should be environmentally benign on two 
accounts. Firstly, being more efficient than normal surfactants, geminis can be 
used in much lower amounts than normal surfactants in a formulation. 
Secondly, the weak bond should facilitate both chemical and biological 
degradation (by a change in pH, enzymatic reaction, heat, ultraviolet 
irradiation, ozone treatment) [14]. 
Except for some earlier studies done by others [80,113,172-184] and 
Kabir-ud-Din and coworkers [165-167] on the interaction of salts (inorganic 
and organic) with cationic gemini micelles, studies on the gemini-additives 
systems is still scarce. Herein, we report for the first time the interaction of 
additives (organic salts, alcohols, amines) with the ester bonded cationic 
gemini surfactants systematically on the aggregation of gemini surfactant 
systems where we have covered details of the following: (1) the influence of 
additives (organic counterions, alcohols, amines) on the morphological 
transition of three ester bonded cationic gemini surfactants, (2) evaluation of 
the tail length effect on the micellar morphology of gemini surfactants, and (3) 
assessment of the solubilization sites of added additives in the gemini micellar 
systems. The implications of the results obtained of gemini micellization may 
also be usefiil in micellar catalysis. Survey of the available literature reveals 
that no serious attempt has been made to study the effect of addition of organic 
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additives: alcohols and amines in the presence of salt on the micellization 
phenomenon of biodegradable ester bonded cationic gemini surfactants. In the 
present study we have find out the effect of various amines/alcohols additives 
on the biodegradable ester bonded cationic gemini surfactants, which can 
further be used for drug encapsulation and delivery. 
Previous reports by Kabir-ud-Din et al. [63-64,139,165-166,167, 185-
186] on the effect of additives (organic/inorganic compounds, non-electrolytes, 
surfactants, etc.) using a variety of experimental techniques yielded important 
results for the physicochemical studies of gemini solutions. In view of the 
aforesaid conceptual thoughts, we selected 0.05 M solutions of biodegradable 
gemini surfactants with ester bonded spacer of the series ethane-1,2-diyl bis 
(N,N-dimethyl-N-alkylammonium-acetoxy)dichloride, [referred to as m-E2-m] 
to study the viscosity behavior in presence of different concentrations of 
organic salts (NaX, X= Sal', Benz', Tos") either singly or in simultaneous 
presence of/j-alcohols («-hexanol,C60H; Ai-heptanol, C7OH; n-octanol, CsOH) 
and the corresponding w-amines («-hexylamine, CeNH ;^ n-heptyamine; C7NH2; 
»-octylamine; C8NH2) at SO'C. The aim of this work is to explore the micellar 
transitions as a consequence of synergistic effect in gemini micellar solutions 
and it may prove a forward step towards mimicking the complexity of cells and 
construct hybrids of fully synthetic cells as both micelle and cell contain many 
aspects common, e.g., self-assembly and compartmentalization. The 
experimental results of present study may also be useful in understanding and 
predicting the surfactants selection for controlled drug release targeted 
delivery. 
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^^Qslfemn/ental 
Chemicals/Reagents Used 
The materials used throughout the whole study are mentioned in Table 
2.1, including their abbreviated names, chemical formulas/structures, sources, 
and purities. All additives (organic salts, alcohols, amines) were used as 
received. 
Synthesis and characterization of Cationic ni-E2-in Gemini 
Surfactants 
The novel biodegradable cationic ester-bonded gemini surfactants 
(m-E2-m) were synthesized in two steps (Scheme 1) following a reported 
procedure [187]. 
2 a 
( • «I2. 14, 16) 
Scheme 1: Synthesis of cationic gemini surfactants ethane-1,2-diylbis(N,N-
dimethyl-N-alkylammoniumacetoxy) dichloride (m = 12,14,16). 
(a) Synthesis of ethane-l,2-diyl bis(chloroacetate): In the first step, ethane-
1,2-diyl bis(chloroacetate) was prepared by heating a mixture of chloroacetyl 
chloride (0.22 mol) and ethylene glycol (0.1 mol) at 50 °C for 8 h in nitrogen 
atmosphere. The reaction mixture was washed with saturated brine for 
complete neutralization and the product was dissolved in ether, dried over 
magnesium sulfate, and the solvent was then distilled off under reduced 
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pressure. Low melting colourless needle-shaped crystals of the compound were 
obtained in good yield (15.15g, 65.36%). 
(b) Synthesis of cationic gemini surfactants: In the second step, the target 
compound was obtained by heating ethane-1,2-diyI bis(chloroacetate) with N, 
N-dimethylalkylamine (dodecyl, tetradecyl or hexadecyl, molar ratio, 1: 2.1) in 
ethyl acetate for 10 h. When the solvent was removed under reduced pressure, 
white crystalline solid of the cationic gemini surfactants were obtained. It was 
further purified by repeated crystallization in ethyl acetate-ethanol mixture 
(5:1, v/v). The purity of the compound was confirmed by thin layer 
chromatography (TLC) (silica gel, CHCh-MeOH, 6:4, v/v). The yield of the 
characterized compounds m-E2-m were 30.40g (78.6%) for m= 12, 31.72 g 
(75%) for m = 14 and 36.8Ig (78.7%) for m = 16. The overall yield of the 
cationic surfactants varied from 70-80%. 
The purity of the gemini surfactants is critical as the surface activity can 
be changed in the presence of traces of impurities. Therefore, after 
recrystallizations, all the surfactants were characterized by FT-IR, ' H - N M R 
and elemental analysis. All the values obtained were satisfying, which 
indicated that the surfactants were well purified. 
1. Ethane-l,2-diylbis(N,N-dimethyl-N-dodecylammoniumacetoxy) 
dichloride (12-E2-12) 
IR (KBr) (cm'): 2923 (C-H), 2855 (C-H),1748 (C=0), 1463 (C-0), 1189 (C-
N), 
'H-NMR (300MHz, DjO): 5 = 0.36-0.859(t, 6H, -2 x CH^ , alkyl chain), 
1.234-1.27 (m,36H, -2 x (C//^)^, alkyl chain), 1.75 (m,4H, -2 x ^CHjCH:) 
3.275 (s,12H, -2 x N^(C^,)2), 3.81 (s,4H, -2 x CH2O), 4.31 (s,4H, -2 x 
N^CJy^), 4.53 (s,4H, - 2 x N^CJ^^COO). 
Anal. Calcd. (%) C, 63.67; H, 10.91; N, 4.36. Found: C, 59.55; H, 9.45; N, 
3.90. 
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2. Ethane-l,2-diylbis(N,N-dimethyl-N-tetradecylammoniuinacetoxy)dichloride 
(14-E2-14) 
IR (KBr) (cm-'):2922 (C-H) ,2853 (C-H),1750 (C=0),1469( C-0),1199 (C-N) 
' H - N M R (300MHZ, D20):5 = 0.830-0.882 (t,6H, -2 x CH3, alkyl chain), 1.336 
(m,44H,-2x(C/6)n, alkyl chain) 1.75 (m,4H, -2 x N^CHzC//^) 3.310 (s,12H, 
-2 X N^CC//^ ):) 3.64(s, 4H, -2 x C/f^O) 4.36 (s, 4H, -2 x >rc// ,) 4.52 (s, 4H, 
-2 X ISTC/Z^COO). 
Anal. Calcd. (%) C, 65.45 ; H, 11.18; N, 4.01. Found: C, 60.24 ; H, 8.0; N, 
3.63. 
3. Ethane-l,2-diylbis(N,N-dimethyl-N-hexadecylammoniumacetoxy) 
dichloride (16-E2-16) 
IR (KBr) (cm-') 2921 (C-H), 2852 (C-H), 1738 (C=0), 1470 (C-0), 1194 (C-
N). *H-NMR (300MHz, D20):5 = 0.883-0.904 (t,6H,-2 x CH3, alkyl 
chain),1.369 (m,44H,-2x(C//2),i. alkyl chain) 1.78 (m,4H, -2 x N^CHzC//^) 
3.312 (s,12H, -2 X N^(C//j)2) 3.63(s, 4H, - 2 x QH2O) 4.34 (s, 4H, -2 x 
N^C/6) 4.7 (s, 4H, -2 x N^C//2C00). 
Anal. Calcd. (%) C, 66.95 ; H, 11.41; N, 3.71. Found: C, 63.76.; H, 10.39; N, 
3.63. 
Techniques Employed 
Viscosity Measurements 
All fluids may be considered to be consisting of molecular layers 
arranged one over the other. When a shearing force is applied to a liquid, it 
flows. However, the forces of friction between the layers offer resistance to this 
flow. Viscosity of a liquid is a measure of its frictional resistance. Viscosity is 
expressed as dyne-seconds per cm^ or poise. In practise, smaller units 
centipoise and millipoise are used. 
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There are a number of methods for measuring viscosity, rj. The method 
commonly employed is based on Poiseuille's law which is given by, 
Tj ^ Kr'^tP/Svl (2.1) 
where v is the volume in cm^ of the liquid flowing in / seconds through a 
narrow tube of radius r cm and length / cm under a hydrostatic (driving) 
pressure of P. 
Hence viscosity of a liquid is determined with respect to another liquid, 
usually water. This is called relative viscosity (;;r). If ti and /j are the times of 
flow of the same volume of water and the liquid, respectively, then 
rir=mlrj2 = hP,/t2P2 (2.2) 
Since the pressure is proportional to the density (o), we have 
nx^hpxIt-iPi (2.3) 
Ozeki and Ikeda [188] found density corrections to be negligible, r]^ 
value may, therefore, be calculated using equation 
n,= t\ih (2.4) 
Aqueous surfactant solutions containing spherical micelles are of low 
viscosity [189]. Addition of salts and organic additives usually changes the 
shape/size of the micelles, which is often reflected by the change in viscosity 
[190]. Micellar growth is accompanied by a distinct rise in viscosity. In view of 
the fact that viscosity is sensitive to the shape/size of the microscopic objects in 
a homogeneous suspension, one can expect the evolution of micellar shape to 
be reflected in the viscosity variation. 
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The water used to prepare solutions was distilled twice over alkaline 
KMn04 in all-glass (Pyrex) distillation setup. Specific conductivity of the 
double-distilled water was in the range (5-15) x 10"^  S cm'. Special care was 
taken for cleaning the glasswares with chromic acid and then by rinsing with 
the double- distilled water. The requisite amount of surfactant was dissolved in 
distilled water or in salt solution. These solutions were used as stock solutions 
to see the effect of additives. A nearly saturated solution was prepared for a 
typical additive, and further lower concentration were made by dilution from 
above stock solutions. After proper mixing the sample solutions were left 
overnight for equilibration. To avoid evaporation, the flasks were kept properly 
stoppered and sealed. 
In the present study the viscosities of the solutions were obtained using 
an Ubbelohde viscometer suspended vertically in a thermostated water bath at 
the particular temperature (30°C). The method is simple, reliable and provides 
information related to micellar size. The method of viscosity measurement 
under Newtonian flow conditions was followed as described elsewhere [191]. 
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Result and Discussion 
Variation of relative viscosity (^ r) with biodegradable ester bonded 
cationic gemini surfactant m-E2-m (m = 12, 14, 16) in aqueous medium are 
shown in Fig. 3.1 at 30 °C; the corresponding viscosity data are recorded in 
Tables 3.1. These tjr values were used to obtain surfactant concentration 
(0.05 M) needed to explore the effect of additives in detail. The variation of rjr 
values of gemini surfactants (0.05 M) with different concentrations of organic 
salts (NaTos, NaBenz, NaSal) are shown in Fig. 3.2 with the rir values recorded 
in Tables 3.2-3.4. The variations of rir with the concentration of alcohol 
(CeOH-CgOH) without/with different concentrations of organic salts 
(NaTos, NaBenz, NaSal) for the geminis m-E2-m (m = 12, 14, 16) are shown in 
Figs. 3.3-3.5 with the 7^ values collected in Tables 3.5-3.7 and Tables 3.11-3.19, 
respectively. The variations of 77^  with the concentration of amines 
(CeNHa-CgNHa) without/with different concentrations of organic salts 
(NaTos, NaBenz, NaSal) for gemini micellar solutions are shown in Figs. 3.6-3.8 
with the T]r values recorded in Tables 3.8-3.10 and Tables 3.20-3.28, 
respectively. Variations of ;7^  with the addition of two organic additives of equal 
chain length (CgOH and C8NH2) to 0.05 M gemini solutions without/with 
different concentrations of organic salts are compared in Figs. 3.9-3.11. 
The shape of micelles, whether they are spherical or rod like, must be 
ruled by a balance between the repulsive electrostatic forces of the head groups 
and the attractive forces that cause aggregation. It thus seems reasonable that the 
micellar shape transition point depends on the head group having counterions, 
the chain length of surfactants and the location of a solubilizate in the micelles. 
Therefore, there are two main factors that determine the micellar shape 
transitions—the electrostatic effect of counterions due to other counterions 
binding on ionic micelles and the other is the hydrophobic interactions between 
surfactant molecules and ions caused by the disruption of water structure. 
In view of the above, the results of the present study carried out with the 
dicationic gemini surfactants can be discussed under the following heads. 
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Effect ofalkyl chain 
The relative viscosity (7 )^ increases with increasing the concentration of 
surfactants. Further, the r}f of gemini surfactants with longer alkyl chains 
(m = 16, 14) are higher than that of gemini surfactant with shorter alkyl chain 
(m = 12). For the comparison, the results of, 12-E2-12, 14-E2-14 and 16-E2-16 
biodegradable gemini surfactants show that the relative viscosity increases 
gradually with concentration but increase is more pronounced in case of 
surfactant with longer chain length. Increasing the hydrophobic alkyl chain of 
surfactant has qualitatively similar effects to increasing the surfactant 
concentration on micellar properties. Therefore, increasing the amount of 
nonpolar material in the system will result in an increase in micellar size due to 
hydrophobic interaction between the hydrocarbon tails and the aqueous solvent 
molecules. Hence, we can say that if the hydrocarbon part is longer, the 
surfactant is adapted to rod-like micelle better than to a spherical micelle, which 
is well reflected from our viscosity results (as depicted by high 7r values in Table 
3.1 and Fig. 3.1). 
With the increase of gemini surfactant concentration, there is a transition 
for the growth of the micelles [192,193]. The spherical-to-nonspherical micelle 
transition is not abrupt. Both types of micelles may co-exist over a range of 
concentration. With the increase of concentration, the number of spherical 
micelles per unit volume decrease and more and more nonspherical micelles 
form. When the majority of the gemini surfactant is in worm-like micelles, the 
solutions exhibit viscous behavior as a result of micellar entanglement and the 
formation of transient network [194]. 
From the data shown in Table 3.1, we were able to choose a surfactant 
concentration, i.e., (0.05 M) for further studying the influence of additives. 
Effect of organic salts 
The aromatic counterions have strong tendency to affect the organized 
assemblies as compared to the inorganic counterions, as, besides the electrostatic 
interaction, they are involved in additional hydrophobic interaction [162] (which 
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also plays a role in promoting aggregate morphology). In presence of the salts, 
an increase in the ionic strength effectively reduces the electrostatic repulsion 
between the ionic head groups; this promotes aggregation of the surfactants with 
obvious increase in viscosity. It is known that micelles of gemini surfactants 
grow from spherical to rod-shaped on the addition of different counterions 
[164(a)]. Halide anions associate only moderately with surfactant head group, 
and micellar growth is gradual. However, with anions that associate strongly, 
such as aromatic salt anions (e.g., Sal"), rod-shaped micelles grow rapidly even 
at low surfactant and salt concentrations [165(a)]. When surveying the mixing of 
the cationic geminis in aqueous solution with various aromatic anions, it was 
qualitatively noticed that several gemini/salt pairs exhibit thickening with 
stronger viscosifying effects [164(b)]. Organic counterions, having central 
benzene ring, penetrate into micelles by inducing strong hydrophobic interaction 
and hence reducing electrostatic repulsion between the hydrophilic head groups, 
which gives rise to tight packing and possible reduced curvature of surfactant 
aggregates. They are capable of producing strong viscoelasticity in the 
conventional cationic surfactants [164-165(a)], which confirms the formation of 
rod- and worm-like micelles in ionic surfactants with organic counterions [162]. 
Also, the position of substituent group present on the benzene ring of organic 
salts determines the extent of hydrophobic interaction between organic 
counterions and surfactant aggregates [185(b), 193]. 
Figs. 3.2 shows the variation of 7r values with different concentrations of 
organic salts (NaTos, NaBenz and NaSal) added to 0.05 M gemini solutions. The 
selected organic counterions are anionic in nature, hence on addition to the 
biodegradable gemini surfactant solutions, they bind strongly to oppositely 
charged surfactant ions and reduce the effective head group area because of tlie 
screening effect. It is clear from the data given in Tables 3.2-3.4 that all the 
biodegradable gemini surfactants show an increase in the tjy values with the 
organic salts, reflecting micellar grovi^. In the present study we see that the 
viscosities of 12-E2-12, 14-E2-14 and 16-E2-16 gemini surfactants increase with 
the added organic salts. Also, the micellar growth is more pronounced in case of 
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NaSai (Tables 3.2-3.4 and Fig. 3.2), due to stronger interaction of Sal~ with head 
groups than Benz" and Tos~. As regards the longer alkyl chain of the gemini 
surfactants, the growth observed follows the same order with the longer alkyl 
chain being more effective (m =16 > 14 >12). 
It was reported earlier [195] that, in case of NaSal, as the hydroxyl group 
moves away from the acid group around the benzene ring, the hydrophobic part 
of the benzene ring is more effectively shielded, as a result, the aromatic 
counterion becomes less efficient in bringing the micellar transition because of 
the inability of the phenyl group to penetrate well into the hydrophobic region of 
the micelles. Due to the possibility of polar hydrogen bonds between -OH group 
and neighboring acid groups, other types of interactions may influence the 
specifia orientation at the micellar surface, thus, salicylate ion may show 
complicated adsorption properties. It was thus, necessary to investigate other 
counterions with almost similar structure. Hence, our convenient choice was 
NaBenz with the same skeleton as NaSal except the -OH group which is absent 
in NaBenz. As NaTos has a SO3', which is less hydrophilic than -OH group of 
NaSal, viscosity increase is slower with NaTos. 
A theory of micellar structure based upon the geometry of various 
micellar shapes and space occupied by hydrophilic and hydrophobic moieties of 
the amphiphilic molecules has been developed by Israelachvili, Mitchell, and 
Ninham [162]. The volume Vn occupied by the hydrophobic group in the 
micellar core, the length of hydrophobic group in the core /c, and the cross 
sectional area Oo occupied by the hydrophilic moiety at the micellar solution 
interface are used to calculate a packing parameter (i?p), which determines the 
shape of the micelle, Rp = V^/ao k- Hence, addition of any salt leading to a 
reduction in QQ promotes micellar transition, which is confirmed by increasing 7, 
values. 
Thus, it can be concluded from the above results that the organic salts, 
other than orientation, the nature of the group at aromatic benzene ring and 
partitioning site of the additive near the micellar surface are also contributing 
factors of relevance for causing micellar growth in cationic gemini solutions. 
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NaSal is, therefore, found to be more effective as compared to NaBenz and 
NaTos, due to the strong interactions of its counterion with the polar head groups 
of the gemini micelles. The ester-bonded gemini surfactant, with a ester bonded 
spacer having a relatively large molecular packing parameter and small surface 
area occupied per head group (ao), is more efficient for producing rich aggregate 
morphologies. Thus, a system causing a decrease in the surface area occupied per 
head group (ao) of gemini surfactant is responsible for inducing growth of gemini 
micelles. Therefore, various types of aggregate morphologies could be achieved 
by using such type of molecular structure in a fixed system. 
Effect of alcohols 
To see the effect of alcohols, the variations of 7r with [alcohol] for all the 
biodegradable gemini surfactants are presented in Tables 3.5-3.7 and also shown 
in Figs. 3.3-3.5. In case of 12-E2-12, 14-E2-14 and 16-E2-16 geminis, we 
observe that the lower chain length alcohol (CeOH) shows marginal effect on 
viscosity changes in comparison to the higher chain length alcohols (C7OH and 
CgOH); hence the change in TJT values shows the dependence on the alkyl chain 
length of alcanols. CeOH is partitioned between aqueous phase and micellar 
phase and is believed to be more soluble in micellar phase than in aqueous phase. 
With longer chain length alcohols (C7OH and CgOH), increase in rjr values is 
more pronounced as compared to CeOH. The -OH group of these alcohols aligns 
parallel to the gemini molecule and thus facing towards the water phase by 
forming easily alcohol-surfactant mixed micelles [117]. 
Mukerjee [138] had proposed that an additive which is surface active to a 
hydrocarbon-water interface is mainly solubilized at the micellar surface and 
promotes micellar growth. Such intercalation increases the effective volume (FH) 
of the hydrophobe if one considers the surfactant-additive pair a 'single 
surfactant' [192]. Consequently, the Mitchell-Ninham parameter ^p increases 
and hence is responsible for viscosity increase and micellar growth. The gemini-
higher chain length alcohols have a tendency to form larger micelles, and it 
seems to do so as reflected by the viscosity rise on addition of higher alcohols to 
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gemini micellar solutions. The Rp value would be larger with higher chain length 
alcohols which would result in the formation of larger micelles with a higher 
solution viscosity. The viscosity data shown in Figs. 3.3-3.5 are consonant with 
the above explanation. 
In case of m-E2-m, the effects are similar (Figs. 3.3-3.5) with a difference 
that, in the dilute concentration regions of the geminis with longer alkyl chain 
length (m = 16 and 14), the addition of alcohols induces the viscosity of the 
systems to go through a marked maximum than shorter alkyl chain (m=12). 
Effect of amines 
Figs. 3.6-3.8 show the variation of ;/rWith the addition of corresponding 
amines to gemini solutions at 30 °C. The addition of amines also causes micellar 
transition. The change in viscosity is not much with the short chain length 
amines {C6NH2), but a distinct rise is observed with higher chain length amines 
(C7NH2 and C8NH2). The amines are weak bases and, due to feeble hydrolysis 
(-RNH2 + H2O "^ ^^  RNH3* + OH"), the amine group is protonated. The specific 
interaction between the surfactant head groups (cationic) and protonated amines 
is responsible for the latter to be less effective. The solubilization of amines in 
micelles takes place by the electrostatic and hydrophobic effects, and the amine 
groups are left on the surface of the micelle [64,186,196]. The electrostatic 
repulsion between the gemini head groups is reduced due to solubilization (rather 
intercalation) of amine in gemini micelles, which promotes micellar growth. The 
presence of amine causes a decrease in ao with a concomitant decrease in surface 
charge density and increase in Rp. Also, because of the intercalation of the 
protonated amine, the alkyl moiety would be embedded into the hydrophobic 
portion which results in an increase in the volume of the micelle core (FH), as a 
result Rp increases. Hence, the observed increase in Tir values, with increasing 
concentration of amines, shows the tendency of gemini-amine system to promote 
micellar growth (Tables 3.8-3.10). 
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Effect of combined presence of salt and additive 
We investigated the gemini-additive systems in presence of organic salts 
to see the role of combined presence of the salt and organic additives (alcohols 
and amines) at 30 "C (Tables 3.11-3.28 and Figs. 3.3-3.8). It is interesting to note 
that the presence of organic salt and additives (alcohols and amines) together 
imparts a very high viscosity to gemini micellar solutions in comparison to the 
situation where organic salts or the organic additives were present singly. 
Addition of alcohols to 12-E2-12, 14-E2-14 and 16-E2-16 at different 
concentration of organic salts shows interesting behavior for such cationic 
systems (Tables 3..11-3.19 and Figs. 3.3-3.5). We have noticed a remarkable 
increase in viscosity in 16-E2-16, 14-E2-14 than in 12-E2-12 gemini surfactant 
at different concentration of alcohols. 
In case of amines too, the trend for the relative viscosities of geminis is in 
the following order: 16-E2-16 > 14-E2-14 > 12-E2-12 (Tables 3.20-3.28 and 
Figs. 3.6-3.8). 
The manifold increase in ;/, is the result of amelioration of forces 
favorablcL for micellar growth. As already mentioned that there are at least two 
opposing factors responsible for micellar growth process, addition of organic 
salts to gemini micelles weakens the Coulombic repulsion between the micelles 
whereas organic additives increase the hydrophobic interactions among 
monomers of the gemini micelles. Both of these factors, i.e., a decrease of 
Coulombic repulsion and increase m hydrophobic interactions, ultimately favor 
the micellar growth of gemini micelles. 
In order to develop an empirical correlation between concentration of 
surfactant/additive (c) and relative viscosity, the following equation was used: 
7r = 't,.exp(^2.c) (3.1) 
The plots of the relative viscosity vs. concentration of 
surfactant/salt/aJcohol/amine were fitted in empirical correlation (equation 3.1). 
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For all the systems the mean absolute deviation (MAD) was found to be less than 
3.63% (Tables 3.29-3.31). 
The obtained values of ki and ^2 were used to get the predicted values of 
relative viscosities at the respective concentrations, c. As can be seen (Figs. 3.1-
3.8), the agreement is satisfying. 
Effect of Equal Chain Length of Additives 
Figs. 3.9-3.11 show that for equal chain lengths (CgOH and CgNHj) the 
viscosity rise is more with alcohols than with amines. It was reported earlier that 
C4-C10 n- alkylamines are solubilized in ionic micelles by electrostatic and 
hydrophobic effects with the amine group left on the surface of the micelle. Their 
partial dissociation into -NHs^ and OH" (though feebly) may affect electrostatic 
interactions with cationic head group, which will hinder the micellar growth as 
well as viscosity of the gemini solutions. Therefore, for equal chain lengths of 
alcohols and amines, alcohols will be more effective for cationic micellar 
growth. This indeed is demonstrated by the present viscosity data (Fig. 3.9-3.11). 
Conclusion 
Three dicationic gemini surfactants of different hydrophobicity consisting 
ester-bonded spacer have been synthesized and the results of systematic 
investigation of micellar properties of gemini (16-E2-16, 14-E2-14 and 
12-E2-12) in the presence of salts and organic additives, have been studied by 
viscometric method. As regards the case of NaSal, NaBenz, and NaTos addition, 
the former has been found found to be more effecetive for micellar growdi. The 
structural changes in the micelles are found to be dependent on the chain length 
of organic additive. A simultaneous presence of salt and organic additive 
produces favorable conditions due to synergism for micellar growth. On addition 
of organic additives of equal chain length of alcohols and amines, the former is 
found to be more effective for cationic gemini micellar growth. The higher 
viscosity values of the geminis than their corresponding monomeric counterparts 
at lower loadings are the key factors which favor the lower consumption of 
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cationic gemini surfactant. Further, the organic additives can be used as a 
viscosity thickening agent of surfactant solutions, which is desirable for various 
industrial applications/reaction media. 
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Fig. 3.1; Variation of the viscosity of the solutions as a function of the 
concentration of surfactant. 
In all cases, the symbols present on dotted lines show calculated values 
using relevant equations (cf Tables 3.29-3.31). The lines are to guide the eye. 
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Fig. 3.2: Variation of the viscosity of the solutions as a function of the 
concentration of NaSal (a), NaBenz (b), NaTos (c) added to 0.05 M 12-E2-12, 
0.05 M, 14-E2-14 and 0.05 M 16-E2-16. 
In all cases, the symbols present on dotted lines show calculated values 
using relevant equations (cf Tables 3.29-3.31). The lines are to guide the eye. 
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Fig. 3.3: Variation of the viscosity of the solutions as a ftinction of the 
concentration of additive (alcohol) to 0.05 M 12-E2-12 surfactant solutions in 
the absence and presence of (a) 0.04 M NaSal, (b) 0.06 M NaBenz, (c) 0.06 M 
NaTos. 
In all cases, the symbols present on dotted lines show calculated values 
using relevant equations (cf Table 3.29). The lines are to guide the eye. 
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Fig. 3.4; Variation of the viscosity of the solutions as a function of the 
concentration of additive (alcohol) to 0.05 M 14-E2-14 surfactant solutions in 
the absence and presence of (a) 0.035M NaSal, (b) 0.04M NaBenz, (c) 0.04 M 
NaTos. 
In all cases, the symbols present on dotted lines show calculated values 
using relevant equations (cf. Table 3.30). The lines are to guide the eye. 
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NaTos. 
In all cases, the symbols present on dotted lines show calculated values 
using relevant equations (cf. Table 3.31). The lines are to guide the eye. 
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Fig. 3.6: Variation of the viscosity of the solutions as a function of the 
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using relevant equations (of. Table 3.29). The lines are to guide the eye. 
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Fig. 3.7; Variation of the viscosity of the solutions as a function of the 
concentration of additive (amine) to 0.05 M 14-E2-14, surfactant solutions in the 
absence and presence of (a) 0.035M NaSal, (b) 0.04 M NaBenz, (c) 0.04 M 
NaTos. 
In all cases, the symbols present on dotted lines show calculated values 
using relevant equations (cf Table 3.30). The lines are to guide the eye. 
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In all cases, the symbols present on dotted lines show calculated values 
using relevant equations (cf Table 3.31). The lines are to guide the eye. 
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Fig. 3.10: Variation of the viscosity of the solutions as a function of the 
concentration of additive (alcohoJ/amine of equal chain length) to 0.05 M 14-E2-
14, surfactant solutions in the absence (open symbol) and presence (filled 
symbol) of (a) 0.035 M NaSal, (b) 0.04 M NaBenz, (c) 0.04 M NaTos. 
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Fig. 3.11: Variation of the viscosity of the solutions as a function of the 
concentration of additive (alcohol/amine of equal chain length) to 0.05 M 
16-E2-16, surfactant solutions in the absence (open symbol) and presence (filled 
symbol) of (a) 0.025 M NaSal, (b) 0.035 M NaBenz, (c) 0.03 M NaTos. 
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Table 3.1: Variation of relative viscosity (In rj^) with the surfactant concentration 
at 30 °C. 
[12-E2-12] 
(M) 
0 
0.005 
0.01 
0.02 
0.03 
0.04 
0.05 
0.06 
0.07 
0.08 
0.09 
0.10 
Ini/r 
0 
0.10 
0.12 
0.13 
0.15 
0.18 
0.22 
0.26 
0.29 
0.29 
0.35 
0.38 
[14-E2-14] 
(M) 
0 
0.005 
0.01 
0.02 
0.03 
0.04 
0.05 
0.06 
0.07 
0.08 
0.09 
0.10 
ln//r 
0 
0.13 
0.15 
0.19 
0.22 
0.26 
0.29 
0.33 
0.36 
0.38 
0.41 
0.49 
[16-E2-16] 
(M) 
0 
0.005 
0.01 
0.02 
0.03 
0.04 
0.05 
0.06 
0.07 
0.08 
0.09 
0.10 
ln//r 
0 
0.10 
0.16 
0.24 
0.26 
0.28 
0.31 
0.73 
0.96 
1.03 
1.40 
1.74 
Table 3.2: Effect of addition of organic salt on the relative viscosity (In 7r) 
0.05 M 12-E2-12 solution at 30 °C. 
[NaSal] 
(M) 
0 
0.005 
0.01 
0.02 
0.03 
0.04 
0.05 
\nrir 
0.29 
0.53 
0.72 
0.99 
1.24 
1.53 
2.19 
[NaBenz] 
(M) 
0 
0.005 
0.01 
0.02 
0.03 
0.04 
0.05 
0.06 
0.07 
In tjr 
0.29 
0.42 
0.64 
0.79 
0.89 
1.09 
1.28 
1.38 
1.85 
[NaTos] 
(M) 
0 
0.005 
0.01 
0.02 
0.03 
0.04 
0.05 
0.06 
0.07 
0.08 
0.09 
Intir 
0.29 
0.37 
0.52 
0.61 
0.69 
0.85 
0.99 
1.03 
1.39 
1.77 
2.21 
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Table 3.3: Effect of addition of organic salts on the relative viscosity (in ^r) 005 
M 14-E2-14 solution at 30 ^ C. 
[NaSal] 
(M) 
0 
0.005 
0.01 
0.02 
0.025 
0.03 
0.035 
0.04 
Invr 
0.20 
0.43 
0.87 
1.22 
1.54 
2.46 
3.32 
4.26 
[NaBenz] 
(M) 
0 
0.01 
0.02 
0.03 
0.04 
0.05 
0.06 
0.07 
0.08 
0.09 
0.10 
Intjr 
0.20 
0.63 
0.94 
1.01 
1.13 
1.34 
1.91 
2.4 
2.6 
2.91 
3.10 
[NaTos] 
(M) 
0 
0.01 
0.02 
0.03 
0.04 
0.05 
0.06 
0.07 
0.08 
0.09 
0.10 
ln;/r 
0.20 
0.54 
0.81 
0.93 
1.05 
1.1 
1.3 
1.4 
1.5 
2.1 
2.5 
Table 3.4: Effect of addition of organic salts on the relative viscosity (In r},) 0.05 
M 16-E2-16 solution at 30 ''C. 
[NaSal] 
(M) 
0 
0.005 
0.01 
0.015 
0.02 
0.025 
0.028 
0.03 
In//r 
0.31 
0.67 
1.23 
1.58 
2.07 
2.49 
2.94 
3.30 
[NaBenz] 
(M) 
0 
0.005 
0.010 
0.015 
0.020 
0.025 
0.030 
0.033 
0.035 
0.040 
ln//r 
0.31 
0.52 
0.77 
0.89 
1.00 
1.10 
1.46 
1.98 
2.2 
2.50 
[NaTos] 
(M) 
0 
0.005 
0.01 
0.02 
0.03 
0.04 
0.05 
0.06 
0.07 
InVr 
0.31 
0.45 
0.6 
0.9 
1.2 
1.55 
2.1 
2.7 
3.49 
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Table 3.5: Effect of addition of alcohols on the relative viscosity (In rj^) of 
0.05 M 12-E2-12 solution at 30 T . 
[CfiOHl 
iM) 
ln;/r IC7OHI 
m. 
ln;/r ICgOH) 
(M) 
0 
0.005 
0.01 
0.02 
0.03 
0.04 
0.05 
\ntjr 
0.2 
0.45 
0.56 
0.63 
0.69 
0.76 
0.79 
0 
0.01 
0.02 
0.04 
0.06 
0.08 
0.1 
0.12 
0.14 
0.16 
0.18 
0.2 
0.2 
0.32 
0.36 
0.38 
0.42 
0.48 
0.49 
0.53 
0.76 
0.83 
0.91 
0.99 
0 
0.01 
0.02 
0.04 
0.06 
0.08 
0.1 
0.11 
0.12 
0.13 
0.2 
0.43 
0.46 
0.49 
0.52 
0.55 
0.59 
0.62 
0.73 
0.79 
Table 3.6: Effect of addition of alcohols on the relative viscosity (In rj^) of 
0.05 M 14-E2-14 solution at 30 T . 
[CfiOH] 
(M) 
0 
0.01 
0.02 
0.03 
0.04 
0.05 
0.06 
0.07 
0.08 
0.09 
0.1 
0.11 
0.12 
0.13 
0.14 
Inz/r 
0.29 
0.45 
0.47 
0.49 
0.52 
0.55 
0.58 
0.63 
0.7 
0.74 
0.78 
0.84 
0.89 
0.94 
1.08 
IC7OH] 
(M) 
0 
0.01 
0.02 
0.03 
0.04 
0.05 
0.06 
0.08 
0.084 
ln//r 
0.29 
0.47 
0.53 
0.58 
0.65 
0.69 
0.78 
0.86 
0.96 
[CsOH] 
(M) 
0 
0.01 
0.02 
0.03 
0.04 
0.05 
0.055 
In^r 
0.29 
0.58 
0.67 
0.74 
0.79 
0.85 
0.89 
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Table 3.7: Effect of addition of alcohols on the relative viscosity (In t],) of 
0.05 M 16-E2-16 solution at 30 "C. 
[CfiOH] 
(M) 
0 
0.01 
0.02 
0.03 
0.04 
0.05 
0.06 
0.07 
0.08 
0.09 
0.11 
ln//r 
0.31 
0.32 
0.37 
0.4 
0.44 
0.49 
0.5 
0.56 
0.61 
0.65 
0.68 
[C7OHJ 
(M) 
0 
0.01 
0.02 
0.03 
0.04 
0.05 
0.06 
0.07 
ln;/r 
0.31 
0.39 
0.46 
0.5 
0.54 
0.66 
0.72 
0.78 
[CsOH] 
(M) 
0 
0.005 
0.01 
0.02 
0.03 
0.04 
0.05 
0.06 
ln//r 
0.31 
0.52 
0.56 
0.58 
0.73 
0.85 
0.92 
1.06 
Table 3.8: Effect of addition of amines on the relative viscosity (In 7]^) of 
0.05 M 12-E2-12 solution at 30 °C. 
ICfiNHz] 
(M) 
0 
0.01 
0.02 
0.04 
0.06 
0.08 
0.1 
0.12 
0.14 
0.16 
0.18 
0.2 
0.22 
In^r 
0.2 
0.22 
0.25 
0.27 
0.34 
0.38 
0.39 
0.48 
0.54 
0.58 
0.63 
0.67 
0.69 
[C7NH2] 
(M) 
0 
0.01 
0.02 
0.04 
0.06 
0.08 
0.1 
0.12 
0.14 
0.16 
]ntfr 
0.2 
0.24 
0.27 
0.29 
0.38 
0.45 
0.56 
0.64 
0.72 
0.88 
ICgNH^] 
(M) 
0 
0.01 
0.02 
0.04 
0.06 
0.08 
0.1 
JnVr 
0.2 
0.44 
0.49 
0.56 
0.69 
0.78 
0.85 
56 
Table 3.9: Effect of addition of amines on the relative viscosity (In ^r) of 
0.05 M 14-E2-14 solution at 30 °C. 
[C6NH2] 
(M) 
0 
0.01 
0.02 
0.03 
0.04 
0.05 
0.06 
0.07 
0.08 
0.09 
0.1 
0.11 
0.12 
0.14 
0.16 
\njjr 
0.29 
0.33 
0.35 
0.37 
0.39 
0.4 
0.43 
0.45 
0.47 
0.49 
0.5 
0.53 
0.56 
0.64 
0.69 
IC7NH2] 
(M) 
0 
0.01 
0.02 
0.04 
0.06 
0.08 
0.1 
0.12 
In^r 
0.29 
0.38 
0.43 
0.48 
0.49 
0.55 
0.59 
0.67 
IC8NH2I 
(M) 
0 
0.01 
0.02 
0.04 
0.06 
0.08 
0.11 
Inz/r 
0.29 
0.45 
0.49 
0.56 
0.67 
0.73 
0.79 
Table 3.10: Effect of addition of amines on the relative viscosity (In rjr) of 
0.05M 16-E2-16 solution at 30 T . 
IC6NH2] 
(M) 
0 
0.01 
0.02 
0.04 
0.06 
0.08 
0.1 
0.12 
ln//r 
0.31 
0.31 
0.39 
0.41 
0.47 
0.52 
0.57 
0.61 
[C7NH2] 
(M) 
0 
0.01 
0.02 
0.03 
0.04 
0.05 
0.06 
0.075 
Intjr 
0.31 
0.35 
0.41 
0.45 
0.5 
0.58 
0.6 
0.64 
ICsNHj] 
(M) 
0 
0.01 
0.02 
0.03 
0.04 
0.05 
0.055 
0.06 
0.068 
ln;/r 
0.31 
0.4 
0.47 
0.52 
0.57 
0.63 
0.66 
0.71 
0.79 
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Table 3.11: Effect of addition of alcohols on the relative viscosity (In Vr) of 
0.05M 12-E2-12+0.04M (NaSal) solution at 30 °C. 
[CeOHl 
(M) 
0 
0.01 
0.015 
0.02 
0.03 
0.035 
0.042 
InJ/r 
1.5 
1.55 
1.63 
1.88 
2.5 
2.8 
3.3 
IC7OH] 
(M) 
0 
0.01 
0.015 
0.02 
0.025 
0.03 
0.035 
0.038 
\nrir 
1.5 
1.59 
2.24 
2.5 
2.7 
2.9 
3.2 
3.7 
ICsOH) 
(M) 
0 
0.003 
0.005 
0.01 
0.015 
0.02 
0.028 
In^r 
1.5 
1.62 
1.75 
1.9 
2.56 
3.4 
3.75 
Table 3.12: Effect of addition of alcohols on the relative viscosity (In ^r) of 
0.05M 12-E2-12+0.06M (NaBenz) solution at 30 °C. 
IC50HJ 
(M) 
0 
0.01 
0.02 
0.03 
0.04 
0.05 
0.055 
0.06 
0.066 
Iniir 
1.3 
1.34 
1.39 
1.56 
1.98 
2.36 
2.97 
3.12 
3.3 
IC7OH] 
(M) 
0 
0.005 
0.01 
0.02 
0.03 
0.035 
0.04 
0.043 
\n^r 
1.3 
1.45 
1.52 
1.64 
2 
2.25 
2.56 
2.94 
[CsOHJ 
(M) 
0 
0.005 
0.01 
0.015 
0.02 
0.025 
0.03 
0.036 
\nr\r 
1.3 
1.56 
1.86 
2 
2.32 
2.57 
3.1 
3.46 
Table 3.13: Effect of addition of alcohols on the relative viscosity (In rj^) of 
0.05M 12-E2-12+0.06M (NaTos) solution at 30 "C. 
[CfiOH] ln//r [C7OHI Injjr [CgOH] In//^ 
(M) (M) (M]k 
0 
0.005 
0.01 
1 
1.11 
1.24 
0 
0.005 
0.01 
1 
1.2 
1.29 
0 
0.005 
0.01 
1 
1.3 
1.6 
0.02 1.28 0.02 1.54 0.015 1.81 
0.03 1.37 0.03 1.83 0.02 2.02 
0.04 1.64 0.035 2.18 0.025 2.27 
0.05 2.04 0.04 2.44 0.03 2.51 
0.06 2.37 0.049 2.67 0.035 2.78 
0-069 2.53 0.039 3.09 
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Table 3.14: Effect of addition of alcohols on the relative viscosity (In rj^} of 
0.05M 14-E2-14+0.035M (NaSal) solution at 30 T . 
[CfiOH] hufr [C7OH] hilir [CsOHJ hT^ i^  
(M) (M) (M) 
0 
0.005 
0.01 
0.015 
0.02 
0.03 
0.035 
0.04 
3.3 
3.5 
3.6 
3.8 
3.9 
4.03 
4.14 
4.26 
0 
0.005 
0.01 
0.015 
0.02 
0.025 
0.03 
0.035 
0.045 
3.3 
3.7 
3.8 
4 
4.12 
4.28 
4.32 
4.54 
4.67 
0 
0.003 
0.005 
0.01 
0.015 
0.02 
0.025 
0.029 
3.3 
3.72 
4.03 
4.28 
4.43 
4.5 
4.61 
4.76 
Table 3.15: Effect of addition of alcohols on the relative viscosity (In Tjr) of 
0.05M 14-E2-14+0.04M NaBenz solution at 30 °C. 
ICfiOH] 
(M) 
0 
0.01 
0.02 
0.03 
0.04 
0.05 
0.055 
0.06 
0.07 
0.079 
In^r 
1.1 
1.17 
1.2 
1.56 
2.2 
2.6 
3.4 
4.01 
4.3 
4.64 
IC7OH] 
(M) 
0 
0.01 
0.02 
0.03 
0.035 
0.04 
InJ/r 
1.1 
1.34 
1.9 
2.2 
2.76 
3.15 
[CsOH] 
(M) 
0 
0.005 
0.01 
0.015 
0.02 
0.025 
0.03 
In Vr 
1.1 
1.5 
1.9 
2.34 
2.67 
3.1 
3.9 
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Table 3.16: Effect of addition of alcohols on the relative viscosity (In tjr) of 
0.05M 14-E2-14+0.04M (NaTos) solution at 30 T . 
[CfiOH] 
(M) 
0 
0.005 
0.01 
0.015 
0.02 
0.03 
0.04 
0.05 
0.053 
0.055 
0.066 
\ntir 
1.05 
1.09 
1.13 
1.19 
1.2 
1.54 
1.86 
2.4 
2.5 
2.64 
2.82 
IC7OHJ 
(M) 
0 
0.007 
0.01 
0.015 
0.02 
0.025 
0.03 
0.035 
0.04 
0.042 
Intjr 
1.05 
1.11 
1.28 
1.53 
1.76 
1.9 
2.09 
2.4 
2.8 
3.02 
[CgOHl 
(M) 
0 
0.003 
0.005 
0.01 
0.015 
0.02 
0.025 
0.03 
0.035 
Inz/r 
1.05 
1.3 
1.52 
1.8 
2 
2.34 
2.67 
2.88 
3.09 
Table 3.17: Effect of addition of alcohols on the relative viscosity (In ri^) of 
0.05M 16-E2-16+0.025M (NaSal) solution at 30 T . 
ICaOHl 
(M) 
0 
0.002 
0.004 
0.006 
0.008 
0.01 
0.015 
0.02 
ln//r 
2.49 
2.42 
2.51 
2.6 
2.8 
2.9 
3.1 
3.2 
[C7OH] 
(M) 
0 
l.OOE-03 
0.002 
0.004 
0.006 
0.008 
0.01 
0.015 
\ntjr 
2.49 
2.48 
2.5 
2.7 
2.86 
2.95 
3.14 
3.25 
ICsOH] 
(M) 
0 
l.OOE-03 
0.002 
0.004 
0.006 
0.008 
0.01 
\ntir 
2.49 
2.5 
2.62 
2.8 
3 
3.23 
3.54 
Table 3.18: Effect of addition of alcohols on the relative viscosity (In rj^) of 
0.05M 16-E2-16+0.035M (NaBenz) solution at 30 °C. 
[CfiOH] 
(M) 
0 
0.01 
0.015 
0.02 
0.03 
0.04 
0.045 
In tjr 
2.2 
2.25 
2.3 
2.32 
2.4 
2.6 
2.7 
[C7OH] 
(M) 
0 
0.01 
0.015 
0.02 
0.025 
0.03 
0.035 
Invr 
2.2 
2.25 
2.33 
2.4 
2.45 
2.53 
2.66 
ICgOH] 
(M) 
0 
0.005 
0.01 
0.015 
0.02 
0.023 
Ini/r 
2.2 
2.32 
2.4 
2.43 
2.5 
2.6 
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Table 3.19: Effect of addition of alcohols on the relative viscosity (In tj,) of 
0.05M 16-E2-16+0.03M (NaTos) solution at 30 T . 
IC60H] 
(M) 
0 
0.005 
0.01 
0.02 
0.03 
0.04 
0.05 
0.055 
Intjr 
1.2 
1.3 
1.5 
1.8 
2 
2.2 
2.5 
2.6 
IC7OH) 
(M) 
0 
0.005 
0.01 
0.015 
0.02 
0.025 
0.03 
0.035 
0.04 
0.045 
ln//r 
1.2 
1.37 
1.8 
1.9 
2 
2.1 
2.28 
2.5 
2.7 
2.8 
ICsOHl 
(M) 
0 
0.002 
0.005 
0.008 
0.01 
0.015 
0.02 
0.025 
0.03 
.033 
Inz/r 
1.2 
1.3 
1.54 
1.76 
2.1 
2.34 
2.7 
2.9 
3.1 
3.5 
Table 3.20: Effect of addition of amines on the relative viscosity (In rj^) of 
0.05M 12-E2-12+0.04M (NaSal) solution at 30 "C. 
[CeNHz] 
(M) 
0 
0.005 
0.01 
0.015 
0.02 
0.03 
0.04 
0.05 
0.06 
0.072 
lnJ7r 
1.5 
1.65 
1.87 
1.99 
2.1 
2.3 
2.51 
2.64 
2.8 
3.08 
[C7NH2] 
(M) 
0 
0.003 
0.005 
0.01 
0.015 
0.02 
0.025 
0.03 
0.04 
0.045 
0.052 
Inz/r 
1.5 
1.67 
1.89 
2.07 
2.14 
2.38 
2.4 
2.54 
2.8 
2.93 
3.1 
ICsNHz] 
(M) 
0 
0.003 
0.005 
0.01 
0.015 
0.02 
0.03 
0.04 
0.046 
Invr 
1.5 
1.73 
1.95 
2.37 
2.4 
2.6 
3.06 
3.36 
3.44 
61 
Table 3.21: Effect of addition of amines on the relative viscosity (In rj,) of 
0.05M 12-E2-12+0.06M (NaBenz) solution at 30 "C. 
[C6NH2] 
(M) 
0 
0.01 
0.02 
0.04 
0.06 
0.08 
0.1 
0.12 
0.14 
0.17 
ln;/r 
1.3 
1.32 
1.37 
1.39 
1.43 
1.46 
1.49 
1.53 
1.58 
1.67 
[C7NH2I 
(M) 
0 
0.01 
0.02 
0.04 
0.06 
0.08 
0.1 
0.12 
0.15 
ln//r 
1.3 
1.45 
1.5 
1.52 
1.58 
1.64 
1.71 
1.74 
1.94 
[CsNH^l 
(M) 
0 
0.01 
0.02 
0.04 
0.06 
0.08 
0.1 
0.12 
0.13 
Inz/r 
1.3 
1.64 
1.69 
1.74 
1.81 
1.92 
1.99 
2 
2.11 
Table 3.22: Effect of addition of amines on the relative viscosity (In t]r) of 
0.05M 12-E2-12+0.06M (NaTos) solution at 30 T . 
IC6NH2] 
(M) 
0 
0.01 
0.02 
0.04 
0.06 
0.08 
0.1 
0.12 
0.16 
0.19 
ln//r 
1 
1.13 
1.14 
1.26 
1.25 
1.38 
1.39 
1.43 
1.49 
1.59 
IC7NH2] 
(M) 
0 
0.01 
0.02 
0.04 
0.06 
0.08 
0.1 
0.12 
0.14 
0.17 
ln//r 
1 
1.24 
1.28 
1.46 
1.49 
1.54 
1.56 
1.6 
1.69 
1.79 
ICsNHz] 
(M) 
0 
0.01 
0.02 
0.04 
0.06 
0.08 
0.1 
0.12 
0.14 
0.15 
InVr 
1 
1.35 
1.39 
1.55 
1.58 
1.66 
1.74 
1.89 
1.9 
1.99 
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Table 3.23: Effect of addition of amines on the relative viscosity (In r]r) of 
0.05M 14-E2-14+0.035M (NaSal) solution at 30 T . 
IC6NH2] 
(M) 
0 
0.005 
0.01 
0.02 
0.03 
0.04 
0.05 
0.06 
0.07 
Inz/r 
3.3 
3.4 
3.5 
3.7 
3.8 
4 
4.2 
4.5 
4.6 
IC7NH2I 
(M) 
0 
0.005 
0.01 
0.02 
0.03 
0.04 
0.045 
0.054 
ln//r 
3.3 
3.6 
3.8 
4 
4.25 
4.4 
4.5 
4.6 
ICgNH ]^ 
(M) 
0 
0.005 
0.01 
0.015 
0.02 
0.025 
0.03 
0.039 
InVr 
3.3 
3.7 
4.1 
4.3 
4.4 
4.5 
4.6 
4.7 
Table 3.24: Effect of addition of amines on the relative viscosity (In r^) of 
0.05M 14-E2-14+0.04M (NaBenz) solution at 30 X. 
IC6NH2] 
(M) 
0 
0.01 
0.02 
0.04 
0.06 
0.08 
0.09 
0.1 
0.12 
0.14 
Inz/r 
1.1 
1.13 
1.19 
1.24 
1.29 
1.32 
1.38 
1.41 
1.59 
1.7 
IC7NH2] 
(M) 
0 
0.01 
0.02 
0.03 
0.04 
0.05 
0.06 
0.07 
0.08 
0.09 
0.1 
In//r 
1.1 
1.19 
1.23 
1.28 
1.37 
1.47 
1.58 
1.66 
1.87 
2 
2.1 
(C8NH2] 
(M) 
0 
0.01 
0.02 
0.03 
0.04 
0.05 
0.06 
0.066 
ln;/r 
1.1 
1.34 
1.44 
1.56 
1.7 
1.79 
2.03 
2.28 
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Table 3.25: Effect of addition of amines on the relative viscosity (In rjr) of 
0.05M 14-E2-14+0.04M (NaTos) solution at 30 °C. 
[CsNHj] h[J, IC7NH2I hT ;^^  [CgNHil hT/^ 
(M) (M) (M) 
0 
0.01 
0.02 
0.04 
0.06 
0.08 
0.1 
0.12 
0.14 
0.16 
1.05 
1.13 
1.16 
1.19 
1.23 
1.28 
1.34 
1.37 
1.41 
1.57 
0 
0.01 
0.02 
0.04 
0.06 
0.07 
0.08 
0.09 
0.1 
0.12 
1.05 
1.18 
1.27 
1.29 
1.36 
1.52 
1.6 
1.67 
1.77 
1.86 
0 
0.01 
0.02 
0.03 
0.04 
0.05 
0.06 
0.065 
0.073 
1.05 
1.23 
1.37 
1.39 
1.46 
1.55 
1.6 
1.78 
1.94 
Table 3.26: Effect of addition of amines on the relative viscosity (In rjr) of 
0.05M 16-E2-16+0.025M (NaSal) solution at 30 X . 
IC6NH2] 
(M) 
0 
0.01 
0.015 
0.02 
0.025 
0.03 
0.04 
0.045 
0.05 
Invr 
2.49 
2.5 
2.55 
2.62 
2.7 
3 
3.2 
3.5 
3.7 
IC7NH2] 
(M) 
0 
0.005 
0.01 
0.015 
0.02 
0.025 
Intfr 
2.49 
2.6 
2.7 
2.8 
3 
3.2 
IC8NH2] 
(M) 
0 
.001 
0.002 
0.003 
0.005 
O.Ol 
0.015 
0.02 
ln;/r 
2.49 
2.5 
2.6 
2.8 
2.9 
3.2 
3.5 
3.9 
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Table 3.27: Effect of addition of amines on the relative viscosity (In //r) of 
0.05M 16-E2-16+0.035M (NaBenz) solution at 30 T . 
[CfiNHj] 
(M) 
0 
0.01 
0.015 
0.02 
0.03 
0.04 
0.045 
0.05 
0.055 
In;/r 
2.2 
2.24 
2.31 
2.35 
2.42 
2.5 
2.62 
2.68 
2.7 
IC7NH2] 
(M) 
0 
0.01 
0.015 
0.02 
0.025 
0.03 
0.035 
0.04 
InVr 
2.2 
2.29 
2.36 
2.39 
2.43 
2.48 
2.56 
2.6 
[CsNHj] 
(M) 
0 
0.01 
0.013 
0.015 
0.02 
0.022 
0.025 
In Vr 
2.2 
2.3 
2.4 
2.47 
2.53 
2.65 
2.7 
Table 3.28: Effect of addition of amines on the relative viscosity (In t]^) of 
0.05M 16-E2-16+0.03M (NaTos) solution at 30 °C. 
IC6NH2] 
(M) 
0 
0.01 
0.02 
0.03 
0.04 
0.05 
0.06 
0.07 
0.083 
Intjr 
1.2 
1.25 
1.4 
1.5 
1.6 
1.7 
1.8 
2.1 
2.5 
[C7NH2] 
(M) 
0 
0.005 
0.01 
0.02 
0.03 
0.04 
0.05 
0.055 
\ntjr 
1.2 
1.3 
1.5 
1.7 
1.8 
2 
2.2 
2.3 
IC8NH2) 
(M) 
0 
0.005 
0.01 
0.02 
0.025 
0.03 
0.035 
0.044 
In;;, 
1.2 
1.5 
1.7 
2 
2.1 
2.2 
2.3 
2.5 
65 
Table 3.29: Equation describing relationship between relative viscosity {rj,) and 
additive concentration (c,M) in 12-E2-12 gemini aqueous solutions. 
System Equation 
WateH-12-E2-12* 7, = 0.101e'^-'^ (r = 0.979) 
0.05M12-E2-12+NaSal* ;7r = 0.409e'"^*= (r = 0.927) 
0.05 M 12-E2-12+NaBenz* ^r = 0.406e^ -^'^ '= (r = 0.915) 
0.05 M 12-E2-12+NaTos* rj, = 0.359e'°'^ (r = 0.973) 
0.05 M 12-E2-12+C60H* ;7r = 0.269e^-^'^ (r = 0.932) 
0.05 M I2-E2-I2+C7OH* ;/r = 0.324e^-^'^ (r = 0.719) 
0.05M 12-E2-12+C80H* ;7r = 0.341e^^"' (r = 0.645) 
0.05 M I2-E2-I2+C6NH2* 7r = 0.22 le^-^^ '^ (r= 0.972) 
0.05 M I2-E2-I2+C7NH2* ;7r = 0.214'^-^^'' (r= 0.991) 
0.05 M I2-E2-I2+C8NH2* ;7r = 0.317e"'*^ (r-0.758) 
0.05 M 12-E2-12+ 0.04MNaSal+CgOH* rj,= 1.322e °^-^ ^ (r = 0.941) 
0.05 M 12-E2-12+ 0.04 M NaSal+CyOH* rjr= 1.449e^ -^^ '^ (r-0.948) 
0.05 M 12-E2-12+0.04 M NaSal+CgOH* t], = 1.463e^ -^^ ^ (r= 0.962) 
0.05 M 12-E2-12+0.04 M NaSaH-C6NH2* rjr = 1.655e^ -^ ^^  (r = 0.948) 
0.05 M 12-E2-12+0.04 MNaSal+C7NH2* 7r= 1.707e'"^' (r= 0.926) 
0.05 M 12-E2-12+0.04MNaSal+CgNHa* rj^ = 1.829e'^"' (r= 0.874) 
0.05M12-E2-12+0.06MNaBenz+C6OH* 7^= I.119e'^ -^ '*^ (r=0.934) 
0.05 M 12-E2-12+0.06 M NaBenzl+C70H* rj, = 1.268e'^ - '^' ( r - 0.957) 
0.05M12-E2-12+0.06MNaBenz+C8OH* 77^ = 1.352e^ -^^ '^ (r=0.991) 
0.05 M 12-E2-12+0.06 MNaBenz+CftNHj* rjr = 1.310e'-^"' (r-0.987) 
0.05M 12-E2-12+0.06MNaBenz+C7NH2* 77^ = 1.381e '^^ '^ (r= 0.934) 
0.05 M12-E2-12+0.06 MNaBenz+CgNHz* ;7r= 1.507e^- '^" (r = 0.804) 
0.05 M 12-E2-12+0.06 M NaTos+CgOH* rj, = 1.009e'^ -^ '^ (r = 0.975) 
0.05 M 12-E2-12+0.06MNaTos+C70H* rj^ = 1.043e^°'^' (r= 0.988) 
0.05 M 12-E2-12+0.06M NaTos+CgOH* rj, = 1.133e^ -^^ *' (r = 0.970) 
0.05 M12-E2-12+0.06 MNaTos+C5NH2* ;/r= 1.097e^"^ (r-0.902) 
0.05 M 12-E2-12+0.06 M NaTos+C7NH2* J]r = 1.187e^ -^ ^^ ' (r= 0.812) 
0.05 M 12-E2-12+0.06 M NaTos+CgNHz* rjr = 1.230e^ -^ ^^ '= (r - 0.832) 
* indicates the additive 
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Table 3.30: Equation describing relationship between relative viscosity (^r) and 
additive concentration (c,M) in 14-E2-14 gemini aqueous solutions. 
System Equation 
fj,= 0.2S6Q''''' (r 
;/, =0.4i7e' ' -^ (r 
;7r = 0.396e''-"^= (r 
;;, = 0372e''*'''= (r^  
/7, = 0.379e"-''' (r 
;7r = 0.402e"-'^ (r 
7r = 0.311e'°''^ (r = 
W a t e r s 14-E2-14* 
0.05 M 14-E2-14+NaSal* 
0.05 M 14-E2-14+NaBenz* 
0.05 M 14-E2-14+NaTos* 
0.05 M 14-E2-14+C60H* 
0.05 M I4-E2-I4+C7OH* 
0.05 M 14-E2-14+C80H* 
0.05 M I4-E2-I4+C6NH2* 
O.O5MI4-E2-I4+C7NH2* 
0.05 M 14-E2-14+C8 NH2* 
0.05 M 14-E2-14+ 0.035 M NaSal+CeOH* 
0.05 M 14-E2-14+ 0.035 M NaSal+CvOH* 
0.05 M 14-E2-14+0.035 M NaSal+CgOH* 
0.05 M 14-E2-14+0.035 M NaSal+CgNHz* 
0.05 M 14-E2-14+0.035 MNaSal+CyNHz* 
0.05 M 14-E2-14+0.035 M NaSal+Cg NH2* 
0.05 M 14-E2-14+0.04MNaBenz+C6OH* 
0.05 M 14-E2-14+0.04 MNaBenz l+C70H* 
0.05 M 14-E2-14+0.04 M NaBenz+CgOH* 
0.05 M 14-E2-14+0.04 M NaBenz+CeNHz* 
0.05 M 14-E2-14+0.04M NaBenz +C7NH2* 
0.05 M 14-E2-14+0.04 MNaBen2+C8NH2* 
0.05 M 14-E2-14+0.04 M NaTos+CeOH* 
0.05 M 14-E2-14+0.04 M NaTos+C70H* 
0.05 M 14-E2-14+0.04MNaTos+C8OH* 
0.05 M 14-E2-14+0.04 M NaTos+C6NH2* 
0.05 M 14-E2-14+0.04 M NaTos+Cg NH2* 
0.05 M 14-E2-14+0.04 M NaTos+C7NH2* 
(r 
7 r = 0.346e 
rjr = 0.379e 
rjr = 3.389e 
;7r = 3.504e 
;/r = 3.628e 
7r = 3.321e' 
7r = 3.485e 
;7r = 3.586e' 
;/r = 0.938e-
.073e' 
.199e 
5.703c 
7.846c 
5.950c 
7.161c 
I0.51c 
4.780c 
5.714c 
8.422c 
21.41c 
26.33c 
39.92c 
.156e 
.078e' 
.156e 
.960e 
.005e 
.242e-
.lOle 
9.713c 
6.572c 
9.713c 
17.16c 
25.56c 
28.73c 
1.96lc 
.114e' 
.133e' 
4.360c 
6.749c 
(r 
(r 
(r 
(r = 
(r = 
(r = 
(r = 
(r = 
(r^ 
(r = 
(r = 
(r 
(r-
(r = 
(r = 
(r = 
(r = 
(r-
(r-
(r = 
= 0.964) 
= 0.957) 
= 0.866) 
= 0.837) 
= 0.945) 
= 0.886) 
= 0.762) 
= 0.989) 
= 0.887 ) 
= 0.827) 
= 0.963) 
 0.928) 
= 0.823) 
 0.993) 
 0.936) 
= 0.83) 
= 0.956) 
 0.987) 
 0.983) 
= 0.973) 
= 0.988) 
 0.973) 
= 0.973) 
 0.988) 
= 0.956) 
= 0.973) 
= 0.971) 
0.956) 
* indicates the additive 
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Table 3.31: Equation describing relationship between relative viscosity (;7r) and 
additive concentration (c,M) in 16-E2-16 gemini aqueous solutions. 
System Equation 
Waterfl6-E2-16* ;/,=0.114e'"''' (r = 0.978) 
0.05 M 16-E2-16+NaSal* 7r = 0.500e^'^' (r= 0.958) 
0.05 M 16-E2-16+NaBenz* rj, = 0.426e^"' (r = 0.976) 
0.05 M 16-E2-16+NaTos* 7r = 0.43e^''^' (r= 0.989) 
0.05 M 16-E2-16+C6GH* n^ = 0.311 e^ "^ "^ (r = 0.974 ) 
0.05 U 16-E2-16+C7OH* rjr = 0.330e^^-'^ ' (r = 0.970) 
0.05 M 16-E2-16+C80H* ;7r = 0.409e''°^' (r= 0.863) 
0.05 M I6-E2-I6+C6NH2* rj, = 0.315e^-'^ '^ (r = 0.953) 
0.05 M 16-E2-16+C7NH2* 7r = 0.321 e'**-'^ ' (r = 0.959) 
0.05M16-E2-16+C8NH2* ;/r = 0.337e'^ -^ '^ (r= 0.965) 
0.05 M 16-E2-16+0.025 M NaSal+CfiOH* rj, = 0.409e'''-"^ (r = 0.863) 
0.05 M16-E2-16+0.025 MNaSaI+C70H* ;7r = 2.516e'^"' (r= 0.897) 
0.05 M16-E2-16+0.025 MNaSal+CgOH* rir^2A4lQ^^-'^'" (r= 0.991) 
0.05M 16-E2-16+0.025MNaSal+C6NH2* rj, = 2.303e*"^' (r = 0.917) 
0.05 M 16-E2-16+0.025 M NaSal+C7NH2* r]r = 2.465e'-*^^ (r = 0.981) 
0.05 M 16-E2-16+0.025 M NaSal+CgNHj* rjr = 2.523e^ -^^ '^ (r = 0.979) 
0.05 M 16-E2-16+0.035 M NaBenz+CeOH* ri^ = 2.154e^-^^^ (r = 0.941 ) 
0.05 M 16-E2-16+0.035 M NaBenzl+C70H* rjr = 2.161 e" '^ ' (r = 0.961) 
0.05 M 16-E2-16+0.035 M NaBenz+CgOH* fj, = 2.223e^-^"' (r = 0.963) 
0.05 M 16-E2-16+0.035 M NaBenz+CgNHz* rj^ = 2.172e'-^^^' (r = 0.980) 
0.05M 16-E2-16+0.035MNaBenz+C7NH2* rjr = 2.200e^'^' (r = 0.993) 
0.05 M 16-E2-16+0.035 MNaBenz+CgNHj* rj^ = 2.163e^"^' (r = 0.956) 
0.05 M 16-E2-16+0.03 M NaTos+CsOH* rj^ = 
0.05 M 16-E2-16+0.03 M NaTos+C70H* rj, = 
0.05 M 16-E2-16+0.03 M NaTos+CgOH* rj, = 
0.05 M 16-E2-16+0.03 M NaTos+C6NH2* ri^ = 
0.05 M 16-E2-16+0.03 M NaTos+C7NH2* ri, = 
0.05M16-E2-16+0.03 M NaTos+CgNHz* rj^ = 
.265e'^-^'' (r= 0.975) 
.341e '"" (r= 0.937) 
334g3i.ooc (1.= 0.946) 
j^ jg8.4ooc (r= 0.972) 
.27 le"-^"^ (r= 0.968) 
.364e'^-^^' (r = 0.918) 
* indicates the additive 
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